Introduction
============

The principle aim of the sustainable development goal 3 is to improve equity of access to health care, which includes ending preventable deaths in neonates and children younger than 5 years (or achieving a reduction to at most 25 deaths per 1000 live births) by 2030.[@R1] More than half of deaths in children younger than 5 years are estimated to be due to infectious disease, with pneumonia being the leading cause.[@R2] In addition, the authors of the World Health Organization's *WHO* *Model list of essential medicines for children*,[@R3] which was first published in 2007, state that reliable access to key medicines is vital for ensuring basic health-care needs are met.

Recently WHO announced its first specific target for combating antimicrobial resistance:[@R4] Sixty percent of all antibiotics consumed in individual countries should come from the Access group of antibiotics (i.e. first- or second-choice empirical treatments for selected syndromes).[@R3]^,^[@R5] The classification of antibiotics into Access, Watch and Reserve categories (the AWaRe classification) was introduced by WHO in 2017 to combat antimicrobial resistance. In children, the main Access antibiotic is amoxicillin because WHO guidelines currently recommend oral amoxicillin as first-line therapy for suspected lower respiratory tract infection in those younger than 5 years.[@R6] Although differentiating viral and bacterial respiratory tract infections in children remains complex, a substantial proportion of cases of bacterial childhood pneumonia worldwide are still not treated promptly with antibiotics. In addition, access to drugs on the model list for children remains limited in low- and middle-income countries.[@R7]

To explore current patterns of antibiotic use in children, we investigated sales of child-appropriate antibiotic formulations. We defined a child-appropriate formulation as an oral formulation specifically designed for easy use in children that was either: (i) an oral liquid formulation; or (ii) an oral solid formulation that is dispersed in water or becomes liquid upon swallowing. Adult tablets were not included, as it has been shown that crushing (i.e. compounding) tablets to give to children can result in underdosing.[@R8] Consumption of oral formulations was chosen as a proxy for child antibiotic use for several reasons. First, caregivers' compliance with administering prolonged courses of oral antibiotics has been shown to correlate with the availability of liquid formulations.[@R9] Second, data from studies of the palatability of different formulations of paediatric antiretroviral therapy indicate that most drugs consumed by children younger than 5 years are in a non-solid form.[@R10]^,^[@R11] Third, the number of prescriptions for antibiotics dispensed in a liquid formulation has been shown to correlate with the number of children in a population.[@R12]

Amoxicillin, for example, is available in several child-appropriate formulations, including granules, dispersible tablets and oral suspensions or syrups. Amoxicillin dispersible tablets have many advantages over oral suspensions and syrups: (i) they cost less; (ii) their volume is smaller because the weight per unit dose is lower, which means that less storage space is required in the supply chain; (iii) dosing is simpler; and (iv) refrigeration is unnecessary.[@R13] Moreover, amoxicillin in dispersible tablet form was identified as one of 13 overlooked life-saving commodities by the United Nations Commission on Life-Saving Commodities in Women and Children.[@R14] The commission promotes access to these commodities, which can prevent premature death in women and children, by encouraging innovations in product design and increased production. Over the past 5 years, the United Nations Children\'s Fund (UNICEF) has supported the large-scale procurement of amoxicillin dispersible tablets and the supply has increased more than 10-fold.[@R13]

In 2018, WHO published the first method for a global antibiotic consumption surveillance programme,[@R15] which acknowledged that estimating paediatric antibiotic consumption was difficult because standardized daily defined dosages are not available for children. Currently there are no published estimates of the total annual volume of antibiotics sold for paediatric use that can be used to derive the proportion sold as dispersible tablets and that can provide some estimate of the potential unmet need. Further, no published data exist on the consumption of dispersible tablets of antibiotics on the *WHO Model list of essential medicines for children* or on how consumption patterns of paediatric antibiotic formulations vary between WHO regions.[@R16] The demand and supply of child-appropriate formulations are affected by many factors; for example, the supply of trimethoprim--sulfamethoxazole is subsidized by the Global Fund to Fight AIDS, Tuberculosis and Malaria in some regions.[@R17]

Data from the MIDAS^®^ database (IQVIA, Durham, United States of America) on global pharmaceutical sales have previously been used to provide a broad overview of international trends in antibiotic sales and, by proxy, antibiotic consumption.[@R18]^--^[@R20] The aim of our study was to investigate global consumption patterns of child-appropriate oral formulations of antibiotics by formulation type, with a focus on dispersible tablets. We used formulation-specific sales data from the MIDAS^®^ database as a proxy for paediatric antibiotic consumption and combined consumption data with demographic data from the United Nations to derive consumption per child.[@R19]^,^[@R21]^,^[@R22]

Methods
=======

We obtained antibiotic sales data for 2015 from the MIDAS^®^ pharmaceutical sales database, which includes information on sales from samples of pharmacy wholesalers and retailers in participating countries. The data included sales volumes (in standard units) through specific channels to pharmacies, drug outlets and hospitals, with the relative contributions of different channels to total sales varying between countries. No information on dosing or clinical indications was available to us. Data collected from Europe and North America were biased heavily towards procurement for public health-care systems, whereas data for other regions largely originated from the private sector. Although analyses show that market coverage can vary from 20 to 100% in contributing countries,[@R18]^--^[@R21] the MIDAS^®^ database provides one of the most comprehensive insights into global pharmaceutical sales patterns and has made a substantial contribution to the pharmacoepidemiology literature. Furthermore, data validation and quality assurance are carried out annually by IQVIA.[@R23]

Pharmaceutical sales data are reported in standard units, where a standard unit is equivalent to a single dose by volume (not by quantity of active ingredient): it can be one tablet, capsule, ampoule or vial or 5 mL of liquid.[@R19]^,^[@R21] For example, a standard course of amoxicillin administered as one 5-mL teaspoon or one dispersible tablet given twice daily for 5 days would total 10 standard units. However, we were unable to determine from the sales data whether child-appropriate syrup formulations were actually consumed by children as they may also have been used by elderly people or by other adults unable to swallow solid formulations. Our primary data analysis included sales data on oral and parenteral antibiotics sold in 93 different formulations across 74 countries and regional country groups. A secondary analysis focused on antibiotics on the 2017 *WHO Model list of essential medicines for children*. The database did not include information on nitrofurantoin.

We identified 22 child-appropriate oral antibiotic formulations covered by the MIDAS^®^ database for inclusion in our study by independently selecting new form codes (available from the data repository).[@R24] Formulation data held in the database are classified using new form codes, which were introduced by the European Pharmaceutical Market Research Association in 1986, in parallel with the Anatomical Therapeutic Chemical classification system.[@R25] Countries included in the database were grouped by WHO region: (i) two countries and one regional group in the African Region; (ii) 13 countries and one regional group in the Region of the Americas; (iii) six countries in the South-East Asia Region; (iv) 33 countries in the European Region; (v) nine countries in the Eastern Mediterranean Region; and (vi) 10 countries in the Western Pacific Region. In the African Region, 10 countries were grouped as Francophone West Africa (i.e. Benin, Burkina Faso, Cameroon, Côte d\'Ivoire, Democratic Republic of the Congo, Gabon, Guinea, Mali, Senegal and Togo) and, in the Region of the Americas, six countries were grouped as Central America (i.e. Costa Rica, El Salvador, Honduras, Guatemala, Nicaragua and Panama). The top five child-appropriate antibiotic formulations by sales volume in each WHO region were identified and the proportion of these top five formulations sold as dispersible tablets was calculated for each region.

Of the 22 child-appropriate oral antibiotic formulations identified, 10 were Access antibiotics that were listed as a first- or second-line choice for treating clinical indications in the model list for children ([Box 1](#B1){ref-type="boxed-text"}).[@R16] We analysed their sales in detail. Several of these formulations require preparation before use, such as the addition of water; their new form code either starts with the letter D or E or is AAH or AAK.[@R25] We also used these codes to determine the proportion of each antibiotic that was sold in the form of a dispersible tablet, solid tablet, liquid or granule or in another form.

###### Selected oral Access antibiotics, study of global consumption of child-appropriate antibiotic formulations, 2015

Beta-lactam antibiotics:
------------------------

Amoxicillin; Ampicillin; Cefalexin; Cloxacillin; and Penicillin V

Other antibiotics:
------------------

Chloramphenicol; Clindamycin; Doxycycline; Metronidazole; and Trimethoprim--sulfamethoxazole

Note: All Access antibiotics (i.e. first- or second-choice empirical treatments for selected syndromes) listed were all included in the World Health Organization's *WHO* *Model list of essential medicines for children*.[@R3]

We obtained estimates of the total population of each country from the MIDAS^®^ data set and estimates of the population of children younger than 5 years from the United Nations Population Division data for 2015.[@R22] Using these figures, we were able to calculate the number of standard units of each child-appropriate formulation sold per child younger than 5 years in each country. These were regarded as minimum consumption estimates because other important sources of antibiotics, for example donors, were not included in the MIDAS^®^ data set. All statistical analyses were carried out using RStudio v. 1.0.143 (RStudio, Boston, USA).

Results
=======

In 2015, 17.7 billion standard units of the 22 selected child-appropriate oral antibiotic formulations were sold in countries contributing to the MIDAS^®^ data set out of a total of 74.4 billion standard units of all antibiotic formulations (i.e. oral and parenteral). Hence, child-appropriate oral formulations accounted for 24% (17.8 billion/74.4 billion) of global antibiotic sales. Dispersible tablet sales accounted for 22% (4.0 billion/17.8 billion) of all child-appropriate oral formulation sales, whereas 77% (13.6 billion/17.8 billion) were in granule, powder or another form. The remainder were tablets that could be chewed or disperse in the mouth.

[Fig. 1](#F1){ref-type="fig"} shows the total volume of sales of the 22 selected child-appropriate oral antibiotic formulations in the six WHO regions and the percentage of those sales accounted for by dispersible tablets. The total sales volume was highest in the South-East Asia Region and the proportion of sales attributable to dispersible tablets was highest in the South-East Asia and Western Pacific Regions (34%; 1.7 billion/5.0 billion; and 44%; 1.6 billion/3.6 billion, respectively). The uptake of dispersible tablets was notably lower in the Region of the Americas and the Eastern Mediterranean Region: the proportion of sales attributable to dispersible tablets was 1% (13.0 million/2.5 billion) and 3% (7.3 million /2.7 billion) in these regions, respectively. Details of the five most commonly used child-appropriate antibiotic formulations in each WHO region are available from the data repository.[@R24] In particular, cefixime was widely used in the Western Pacific and South-East Asian Regions.

![Sales of child-appropriate oral antibiotics and the proportion sold as dispersible tablets, by WHO region, 2015](BLT.19.235309-F1){#F1}

[Fig. 2](#F2){ref-type="fig"} shows the sales of the 22 selected child-appropriate oral antibiotic formulations in individual countries in 2015 and the percentage of those sales attributable to dispersible tablets. The highest sales of dispersible tablets were in China and India. [Fig. 3](#F3){ref-type="fig"} shows the sales per child in individual countries and the proportion of sales per child attributable to dispersible tablets. The median sales per child was 43 standard units (interquartile range: 26--59). The proportion of sales per child attributable to dispersible tablets varied widely between countries: the highest proportions were found in Algeria, Belgium, France, Greece and the Netherlands.

![Sales of child-appropriate oral antibiotics and the proportion sold as dispersible tablets, by country or regional country group, 2015](BLT.19.235309-F2){#F2}

![Sales of child-appropriate oral antibiotics per child younger than 5 years and the proportion sold as dispersible tablets, by country or regional country group, 2015](BLT.19.235309-F3){#F3}

[Table 1](#T1){ref-type="table"} shows that approximately 10.1 billion standard units of child-appropriate oral formulations of the 10 Access antibiotics on the 2017 *WHO Model list of essential medicines for children* were sold globally in 2015, which accounted for 56% (10.1 billion/17.8 billion) of all child-appropriate oral antibiotics formations sold. The majority were taken in liquid form, mostly consumed as a syrup: 67% (6.8 billion/10.1 billion) were sold as a powder and required the addition of water to make them ready for consumption, whereas 15% (1.5 billion/10.1 billion) were sold as a ready-made syrup. Tablets that had to be dispersed in water accounted for only 16% (1.6 billion/10.1 billion) of sales. Overall, 78% (7.8 billion/10.1 billion) of sales of child-appropriate formulations of the 10 Access antibiotics were accounted for by amoxicillin and amoxicillin with clavulanic acid, generally for consumption as a liquid. Trimethoprim--sulfamethoxazole, chloramphenicol and metronidazole were predominantly sold as ready-made syrups. In contrast, the non-β-lactams doxycycline and clindamycin were commonly sold as dispersible tablets.

###### Global sales of oral Access antibiotics^a^ in child-appropriate formulations, by formulation, 2015

  Antibiotic                         Sales volume,^b^ no. of standard units^c^ in millions (%)                                                                           
  ---------------------------------- ----------------------------------------------------------- ----------------- ----------------- ----------------- ----------------- -----------------
  Amoxicillin                        4 256.0 (100)                                               55.6 (1)          918.1 (22)        71.8 (2)          299.9 (7)         2910.6 (68)
  Amoxicillin with clavulanic acid   3 550.2 (100)                                               31.0 (1)          318.8 (9)         0.0 (0)           85.7 (2)          3114.8 (87)
  Trimethoprim--sulfamethoxazole     875.3 (100)                                                 0.0 (0)           0.6 (\< 1)        5.7 (\< 1)        860.8 (98)        8.2 (1)
  Cefalexin                          650.7 (100)                                                 \< 0.1 (\< 0.1)   64.9 (10)         2.5 (\< 1)        120.0 (18)        463.1 (71)
  Ampicillin                         251.9 (100)                                                 0.0 (0)           145.6 (58)        0.0 (0)           15.4 (6)          90.2 (36)
  Clindamycin                        190.5 (100)                                                 0.0 (0)           114.9 (60)        \< 0.1 (\< 1)     0.8 (\< 1)        74.8 (39)
  Penicillin V                       189.1 (100)                                                 0.0 (0)           0.3 (\< 1)        0.0 (0)           48.2 (26)         140.5 (74)
  Chloramphenicol                    100.3 (100)                                                 0.0 (0)           0.7 (\< 1)        0.0 (0)           99.6 (99)         \< 0.1 (\< 1)
  Doxycycline                        58.0 (100)                                                  \< 0.1 (\< 1)     54.8 (95)         0.0 (0)           2.3 (4)           0.7 (1)
  Cloxacillin                        21.6 (100)                                                  0.0 (0)           0.0 (0)           0.0 (0)           2.3 (11)          19.3 (89)
  Metronidazole                      1.2 (100)                                                   0.0 (0)           0.0 (0)           0.0 (0)           1.2 (100)         \< 0.1 (0)
  **Total**                          **10 145.0 (100)**                                          **86.6 (\< 1)**   **1619.0 (16)**   **80.0 (\< 1)**   **1536.3 (15)**   **6823.0 (67)**

^a^ All Access antibiotics listed are first- or second-choice empirical treatments for selected syndromes and are included in the World Health Organization's *WHO* *Model list of essential medicines for children*.[@R3]

^b^ Reported in the MIDAS^®^ database.

^c^ A standard unit is equivalent to a single dose by volume: it can be one tablet, capsule, ampoule or vial or 5 mL of liquid.

Discussion
==========

Our analysis shows that less than a quarter of child-appropriate oral antibiotic formulation sales in 2015 globally were in the form of dispersible tablets. Moreover, two thirds were still sold as liquid formulations, which indicates that, by 2015, liquids and powders requiring reconstitution had not fully replaced dispersible tablets, as recommended by WHO.[@R6] Over three quarters of sales of the 10 child-appropriate formulations of Access antibiotics we investigated were of amoxicillin or amoxicillin with clavulanic acid.

The wide variation we found in the per-child consumption of child-appropriate antibiotic formulations ([Fig. 3](#F3){ref-type="fig"}) may be the result of several factors. In particular, further research is needed to explore whether this variation reflects the appropriate clinical use of antibiotics (appropriateness could not be determined from MIDAS^®^ data), the need for greater access to child-appropriate formulations or other system factors.

International comparisons of paediatric antibiotic consumption face considerable challenges. Defining the appropriate sampling frame or the system level at which any measurement of consumption can be considered representative of a country can be difficult. Many previous analyses of primary care or outpatients have assessed prescriptions rather than consumption,[@R26]^,^[@R27] which reflects the difficulty of measuring consumption. Nevertheless, a recent analysis of WHO data collected using service provision assessments and service availability and readiness assessments confirms that the paediatric use of antibiotics in primary care is high for all clinical infections.[@R28]

For comparison, the MAL-ED study examined the number of courses of antibiotics used in the community in 2134 children younger than 2 years in eight countries: one site each in Bangladesh, Brazil, India, Nepal, Pakistan, Peru, South Africa and the United Republic of Tanzania.[@R29] Bangladesh and Pakistan had the highest overall antibiotic consumption per child (i.e. over 10 courses per year), whereas Brazil and South Africa had the lowest, with a 10-fold difference. In our study, we also found that of these eight countries, Pakistan had the highest annual consumption per child of child-appropriate antibiotic formulations ([Fig. 2](#F2){ref-type="fig"}). However, Bangladesh, Brazil and South Africa had very similar levels of consumption. The difference between the two studies was possibly due to differences in data collection and study population: (i) the MAL-ED study conducted active surveillance of antibiotic use, whereas the MIDAS^®^ database recorded sales; and (ii) the MAL-ED study used defined study sites and age groups, whereas the MIDAS^®^ database had a varying level of national coverage and used formulation-specific sales data as a proxy for consumption in children.

Our study aimed to provide a broad overview of the absolute volume of oral antibiotics sold in child-appropriate formulations across countries. However, the volumes reported here should be regarded as minimum estimates because the MIDAS^®^ database does not capture data from some important global organizations. For example, UNICEF procured 193 million amoxicillin dispersible tablets in 2015,[@R13] a substantial increase from 14 million in 2011. A complete analysis of the global market for oral antibiotics for children would need to include direct procurement by the public sector, donations from global organizations and sales in the informal sector. Our analysis should be considered as providing a baseline for paediatric antibiotic sales before implementation of the revised 2017 *WHO Model list of essential medicines for children*, in which the AWaRe classification was introduced.[@R3] Previously we investigated time trends in the use of child-appropriate antibiotic formulations;[@R21] although we found a slight change over time, no major fluctuations in global use from year to year were identified.

There is no clear evidence in the literature indicating, which antibiotic formulation is easiest to administer to children, most acceptable to children and families, and results in the best clinical outcomes.[@R30] The key advantages of dispersible tablets are programmatic: (i) they require less space on transportation; (ii) they can be stored for prolonged periods; and (iii) their dosing is simpler than for liquid formulations or powders, which require doses to be measured before reconstitution. However, dispersible tablets have some disadvantages, such as palatability. In addition, they require a clean water source (a typical tablet needs 5 to 10 mL of water for dispersion) and caregivers must spend time waiting for the tablet to dissolve. In addition, an estimated 25% of the global disease burden in children younger than 5 years is attributable to unsafe water, poor sanitation or inadequate hygiene,[@R31] which are being assessed by UN-Water and WHO as part of the sustainable development goal programme.[@R32] Nevertheless, recent evidence suggests that minitablets are tolerated by children as young as 2 months of age.[@R30] Future research could focus on the development of oral-dispersible tablets or other forms of antibiotics that do not require water for administration, such as drugs that can be delivered through the transmucosal route.[@R33] Such developments could be facilitated by recent WHO initiatives, such as the Global Accelerator for Paediatric Formulations,[@R34] which is working in collaboration with the WHO Department of Essential Medicines and Health Products and other key stakeholders, including the Global Antibiotic Research and Development Partnership.

We acknowledge that the main limitation of our study is its reliance on sales data from varying sources. However, the MIDAS^®^ database provides detailed information on wholesale pharmacy sales of paediatric antibiotics in many countries and we know of no other database that can be used to compare the sales of child-appropriate antibiotic formulations internationally. Another limitation is that the MIDAS^®^ database has a varying level of coverage of the public sector and of different supply channels, depending on region and the local health-care delivery structure. As paediatric medicines may be prioritized by publicly-funded health-care systems, it is difficult to predict, which supply channels will provide the most accurate data on child-appropriate formulation sales. In addition, data on sales, particularly of dispersible tablets, in individual WHO regions may be dominated by a few large countries, such as China, India or the United States ([Fig. 2](#F2){ref-type="fig"}).

In conclusion, our study used the largest available pharmaceutical sales data set to provide a baseline for the consumption of child-appropriate oral antibiotic formulations globally in 2015. We found that most of child-appropriate formulations sold globally in 2015 were not in a dispersible tablet form. Future efforts should focus on developing improved solid forms of antibiotics suitable for use in children and encouraging their widespread use.[@R35]
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